The significance of our understanding of the chemistry of melanin and melanogenesis is reviewed. Melanogenesis begins with the production of dopaquinone, a highly reactive o-quinone. Pulse radiolysis is a powerful tool to study the fates of such highly reactive melanin precursors. Based on pulse radiolysis data reported by Land et al. (J Photochem Photobiol B: Biol 2001;64:123) and our biochemical studies, a pathway for mixed melanogenesis is proposed. Melanogenesis proceeds in three distinctive steps. The initial step is the production of cysteinyldopas by the rapid addition of cysteine to dopaquinone, which continues as long as cysteine is present (1 lM). The second step is the oxidation of cysteinyldopas to give pheomelanin, which continues as long as cysteinyldopas are present (10 lM). The last step is the production of eumelanin, which begins only after most cysteinyldopas are depleted. It thus appears that eumelanin is deposited on the preformed pheomelanin and that the ratio of eu-to pheomelanin is determined by the tyrosinase activity and cysteine concentration. In eumelanogenesis, dopachrome is a rather stable molecule and spontaneously decomposes to give mostly 5,6-dihydroxyindole. Dopachrome tautomerase (Dct) catalyses the tautomerization of dopachrome to give mostly 5,6-dihydroxyindole-2-carboxylic acid (DHICA). Our study confirmed that the role of Dct is to increase the ratio of DHICA in eumelanin and to increase the production of eumelanin. In addition, the cytotoxicity of o-quinone melanin precursors was found to correlate with binding to proteins through the cysteine residues. Finally, it is still unknown how the availability of cysteine is controlled within the melanosome.
INTRODUCTION
The subject of melanin and melanogenesis has been a fascinating target for chemists. In this review, I will present examples showing how chemistry is important to our understanding of melanin and melanogenesis.
As a way of introduction, landmarks in the chemistry of melanogenesis are briefly summarized [cf. (1) . for details]:
1. In 1886, Bertrand identified tyrosine as a melanin precursor. 2. In 1926, Raper isolated dopa, 5,6-dihydroxyindole (DHI), and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) from tyrosinase oxidation products of tyrosine. 3. In 1948, Mason was able to identify dopachrome by spectroscopy.
4. In the 1960s, Nicolaus' group and Swan's group carried out extensive degradative studies of eumelanin. 5. In 1967, Prota proved that cysteinyldopa is a precursor of pheomelanin. 6. In 1980, Pawelek found a new factor, now known as dopachrome tautomerase (Dct). 7. In 1985, Ito established chemical methods to analyse eumelanin and pheomelanin. 8. In 1985, Land, Riley, and colleagues introduced pulse radiolysis to study melanogenesis.
The characterization of melanins is difficult. Other biopolymers such as proteins, polysaccharides, and nucleic acids are composed of distinct monomer units, and those units are connected through covalent bonds that can be split easily by chemical methods or by the action of enzymes (Table 1) . In contrast, melanin pigments are composed of many different units, and these units are connected through strong carboncarbon bonds, which makes the systematic characterization of melanin very difficult.
Nevertheless, we now have enough knowledge about the structure of eumelanin and pheomelanin to understand their physiological properties. Eumelanin consists of DHI and DHICA units in a reduced or oxidized state, and some indole rings are split to give pyrrole rings (2) . On the other hand, pheomelanin consists mostly of benzothiazine units, but those units are degraded to benzothiazole units to some extent.
The pathways of melanogenesis are briefly summarized in Fig. 1 (3) . When tyrosine is oxidized by tyrosinase, dopaquinone is produced as the immediate product. In the absence of cysteine, dopaquinone undergoes the intramolecular addition of the amino group giving cyclodopa (leucodopachrome). The redox exchange between leucodopachrome and dopaquinone then gives rise to dopachrome (and dopa). Dopachrome gradually decomposes to give mostly DHI, and to a lesser extent DHICA. This latter process is catalysed by tyrosinase-related protein-2 (Tyrp2), now known as dopachrome tautomerase (Dct). Finally, these dihydroxyindoles are oxidized to eumelanin. Tyrosinase-related protein-1 (Tyrp1) is believed to catalyse the oxidation of DHICA to eumelanin. On the other hand, in the presence of cysteine, dopaquinone rapidly reacts with cysteine to give 5-S-cysteinyldopa and to a lesser extent 2-Scysteinyldopa. Cysteinyldopas are then oxidized to give benzothiazine intermediates and finally to produce pheomelanin.
In the early 1980s, when I started to study melanin and melanogenesis, I soon realized that microanalytical methods should be introduced to quantify eumelanin and pheomelanin (4) . Therefore, we developed those methods based on chemical degradation followed by determination of specific degradation products by high-performance liquid chromatography (HPLC). Thus, permanganate oxidation of eumelanin, especially DHICA-derived melanin, yields pyrrole-2,3,5-tricarboxylic acid (PTCA). The oxidation of typical natural eumelanins usually gives a 2% yield of PTCA. Therefore, the eumelanin content can be obtained by multiplying the PTCA content by a factor of 50. The reductive hydrolysis of pheomelanin with hydriodic acid gives isomers of aminohydroxyphenylalanine (AHP) in a 20% yield. (6) . The absorbance of the solution at 500 nm serves to measure the total combined amount of eumelanin and pheomelanin.
DISCUSSION
The Intrinsic Reactivity of o-Quinones Figure 2 summarizes some of the most important reactions of o-quinones. These compounds are extremely reactive compounds. In 1976, Tse et al. (7) showed that the addition of sulphydryl (SH) compounds to give thiol adducts proceeds extremely fast. In a series of pulse radiolysis studies of the reactivities of 4-substituted o-quinones with cysteine and glutathione (GSH), Land and colleagues (8) were able to show that the rate constants of thiol addition increase linearly over the range 4 · 10 5 to 3 · 10 7
⁄M⁄s (in the case of cysteine at pH 7) with the electron-withdrawing capacities of the substituent groups. This was principally due to resonance effects although a significant contribution can be attributed to field effects. The reduction to parent catechols through redox exchange proceeds as fast as the thiol addition (7) . Therefore, these two reactions are competitive. On the other hand, the addition of amines does not proceed so fast, unless the amino group is present within the same molecule. Amines may also undergo the condensation reaction to give o-quinonimines. It should be stressed that these reactions are controlled by the intrinsic chemical reactivity of o-quinones.
The Branching Point in Melanogenesis
In 2001, Land et al. (9) reported rate constants (r 1 -r 4 ) for all of the four important steps in the early phase of melanogenesis, based on pulse radiolysis study (Fig. 3) . Pulse radiolysis is a powerful tool to study the fates of highly reactive melanin precursors. The first step (r 1 ) in eumelanogenesis is the intramolecular addition of the amino group giving cyclodopa (leucodopachrome). This is a fairly slow step. However, as soon as it is formed, it is rapidly oxidized to dopachrome through a redox exchange (r 2 ). On the other hand, the first step in pheomelanogenesis (r 3 ), the addition of cysteine, proceeds very fast. The second step, the redox exchange giving cysteinyldopaquinone, proceeds at a slower rate (r 4 ) (10) .
From these kinetic data, several important conclusions can be drawn.
First, comparison of the rate constant for the addition of cysteine to dopaquinone (r 3 ) with the rate constant for intramolecular cyclization (r 1 ) shows that the genesis of cysteinyldopa is preferred as long as the cysteine concentration is higher than 1 lM.
Secondly, the redox exchange giving cysteinyldopaquinone (r 4 ) proceeds 30 times slower than the addition of cysteine (r 3 ). Cysteinyldopas thus accumulate in the early phase of pheomelanogenesis. Thirdly, comparison of the rate constant for redox exchange giving cysteinyldopaquinone from dopaquinone (r 4 ) with the rate constant for intramolecular cyclization (r 1 ) shows that pheomelanogenesis is preferred over eumelanogenesis as long as the cysteinyldopa concentration is higher than 10 lM.
The Chemistry of Pheomelanogenesis
Several examples supporting the interpretation of the above kinetic data are now presented.
Tyrosinase oxidation of dopa in the presence of excess cysteine gave a high yield of 5-S-cysteinyldopa (74%) and 2-S-cysteinyldopa (14%) in a ratio of about 5:1, together with a minor 6-S-isomer (1%) and a di-adduct, 2,5-S,S¢-dicysteinyldopa (5%) (11) . This result confirms the prediction that cysteinyldopa-genesis is preferred as long as cysteine is present. It may also be pointed out that the ratio of these cysteinyldopa isomers is determined by the intrinsic chemical reactivity of dopaquinone.
The ratio of r 3 to r 4 is c. 30, indicating that only after the cysteine concentration is decreased to 30 times lower than the 5-S-cysteinyldopa concentration, does the formation of 5-Scysteinyldopaquinone become predominant. This interpretation is supported by the facts that cysteinyldopa monomers accumulate in the early phase of pheomelanogenesis and that 2,5-S,S¢-dicysteinyldopa is only a minor product. This is why high levels of 5-S-cysteinyldopa are secreted into the blood of melanoma patients with metastases, which makes 5-Scysteinyldopa a good biochemical marker of melanoma progression (12) . This stability of 5-S-cysteinyldopa is in sharp contrast to the extreme reactivity of cyclodopa (leucodopachrome).
5-S-cysteinyldopaquinone, once formed, then rapidly cyclizes via attack of the cysteinyl side-chain amino group on the carbonyl group to give a cyclic o-quinonimine intermediate (9) . The o-quinonimine then tautomerizes to a benzothiazine intermediate, thus leading to pheomelanogenesis (Fig. 1) .
We studied the time course of melanogenesis from an equimolar mixture of tyrosine and cysteine catalysed by mushroom tyrosinase (3, 13) . Tyrosine was gradually decreased while cysteine was consumed much faster because of its oxidation to cysteine. At 1 h, cysteinyldopa-genesis reached a maximum. Cysteinyldopa was then oxidized to give pheomelanin at 2 h. After this period, eumelanin deposits on the preformed pheomelanin, as evidenced by an increase of total melanin value.
In collaboration with del Marmol et al. (14), we examined the effects of cysteine deprivation on melanogenesis. The extracellular cysteine concentration was decreased from a normal level of 210 lM to one-tenth and one-hundredth of that concentration. With the decrease of cysteine concentration, intracellular cysteine and GSH concentrations were decreased to almost zero. This resulted in a gradual shift to more eumelanic cells from a ratio of pheomelanin to eumelanin of 2.8 to 1.4 and 1.0, respectively. In these studies, our HPLC methods to analyse eumelanin and pheomelanin played indispensable roles.
The Proposed Pathway for Mixed Melanogenesis
From the above-mentioned results, I wish to propose a pathway for mixed melanogenesis as shown in Fig. 4 (3) . The amount of melanin produced is proportional to dopaquinone production, which is in turn proportional to tyrosinase activity.
Melanogenesis proceeds in three distinctive steps. The initial step is the production of cysteinyldopas, which continues as long as cysteine is present (1 lM). The second step is the oxidation of cysteinyldopas to give pheomelanin, which continues as long as cysteinyldopas are present (10 lM). The last step is the production of eumelanin, which begins only after most of the cysteinyldopas (and cysteine) are depleted. Therefore, it appears that eumelanin deposits on the preformed pheomelanin and that the ratio of eu-to pheomelanin is determined by the tyrosinase activity and the cysteine concentration.
The Chemistry of Eumelanogenesis
Next, the intrinsic reactivity of o-quinones in relation to eumelanogenesis is discussed.
By comparison with cysteinyldopa, cyclodopa (leucodopachrome) is very easily autoxidized and thus dopachrome accumulates during the early phase of eumelanogenesis. Pigment Cell Res. 16, 2003 Dopachrome is a fairly stable molecule with a half-life of about 30 min, and it spontaneously decomposes to give mostly DHI by decarboxylation. The ratio of DHI to DHICA under these conditions is 70:1 (15) . On the other hand, in the presence of Dct, dopachrome undergoes tautomerization, that is, isomerization with a shift of a hydrogen atom, to produce mostly DHICA (16) . The ratio of DHI to DHICA is thus determined by the activity of Dct.
Wakamatsu and I took advantage of the chemical reactivity of dopachrome to prepare DHI and DHICA in subgram quantities (17) . When a dopachrome solution was kept neutral under an argon atmosphere, the product was mostly DHI. After crystallization, DHI was obtained in a 40% yield. When the pH of the dopachrome solution was raised to 13, base-catalysed tautomerization was accelerated, and the product was mostly DHICA. After crystallization, DHICA was obtained in a 40% yield.
Until 1980, eumelanin had been believed to be a DHIrich melanin because the decarboxylation of dopachrome is a major pathway (in the absence of any extrinsic factor). Then in 1980, Pawelek's group discovered dopachrome conversion factor, now known as dopachrome tautomerase or Dct (18) . Therefore, in 1986, I analysed the contents of DHICA-derived units in various types of eumelanins (19) . Two analytical methods were used: acid-catalysed decarboxylation and permanganate oxidation to give PTCA. The results showed that synthetic dopamelanin contains only trace amounts of DHICA-derived units, while sepia melanin, B16 melanoma melanin, and mouse black hair melanin consists of about equal amounts of DHI and DHICA-derived units. This study confirmed the significance of DHICA-derived units in the structure of natural eumelanins.
The Roles of Dct and Tyrp1
We then examined the role of Dct in vivo (20, 21) . The slaty mutation in the mouse is known to decrease the activity of Dct (Fig. 5) . The effects of tyrosinase, Dct, and Tyrp1 on eumelanogenesis were compared. Chinchilla and slaty mouse hairs had total melanin values about a half that of black hair, while brown hair had one-third (21) . Black, chinchilla, and brown hairs give similar PTCA to total melanin ratios. Comparison with synthetic eumelanins indicates that DHI to DHICA ratios in these three mutants were close to 1:3 (20, 21) . On the other hand, slaty hair gave a PTCA to total melanin ratio similar to that of synthetic eumelanin having a 3:1 ratio. Thus, the role of Dct appears to increase the ratio of DHICA in eumelanin and to increase the production of eumelanin.
Then, what is the role of Tyrp1? There is some controversy regarding the role of Tyrp1, although it is known that in the mouse, Tyrp1 catalyses oxidation of DHICA (22) . DHICA has a higher oxidation potential than DHI. This means that DHICA-quinone is able to undergo a redox exchange with DHI yielding DHICA and DHI-quinone (Fig. 6) . Copolymerization of these four intermediates should yield a copolymer of DHI and DHICA. As evidence to show that this type of copolymerization does take place, Prota's group isolated a heterodimer of DHI and DHICA as the acetyl derivative from an oxidation mixture of DHI and DHICA (23) .
The Cytotoxicity of o-Quinone Melanin Precursors
Some phenols and catechols are cytotoxic to melanocytes, and it is generally accepted that o-quinones are the ultimate toxic metabolites (Fig. 7) . o-Quinones undergo addition reaction with GSH and SH enzymes. When GSH is depleted from melanocytes, cells become susceptible to oxidative stress. Binding of SH enzymes should lead to their inactivation and eventually to cytotoxicity. Catechols are also cytotoxic through autoxidation producing hydrogen peroxide and hydroxyl radicals (24) .
To evaluate the binding of o-quinones to proteins through the cysteine residues, we developed a method to measure the catechol-protein adducts. The method is based on HPLC analysis of cysteinyl-catechols formed on HCl hydrolysis of the modified proteins (25) .
Dopamine is known to be the most cytotoxic among the catecholamines. But why is it so? Graham et al. (24) compared the cytotoxicity of various catechols against neuroblastoma cells (Table 2) . Dopamine was found to be most cytotoxic, followed by noradrenaline and adrenaline (excluding dopa). Hawley et al. (26) compared cyclization rate constants for o-quinones. Dopamine-quinone was found to be cyclized most slowly. We analysed the binding of oquinones to bovine serum albumin (BSA), a protein containing one cysteine residue (25) . Dopamine and noradrenaline bound to BSA rapidly, while adrenaline did not bind. These results show that the cytotoxicity of catechols correlates to the cyclization rate constants of the quinones and to their binding to proteins (Table 2 ).
Parkinson's disease is a progressive neurological disorder caused by the selective degeneration of dopaminergic neurones in the substantia nigra. Despite extensive research, the aetiology of this nigral neuronal loss is still enigmatic. One of the current hypotheses suggests that nigral neuronal death in Parkinson's disease is caused by excessive oxidative stress generated by auto-and enzymatic oxidation of the endogenous neurotransmitter dopamine (27) . In relation to the high cytotoxicity of dopamine, it is therefore tempting to speculate that dopamine exerts its toxicity through oxidation to dopamine-quinone followed by binding to SH enzymes essential for cell proliferation and survival.
Development of Anti-melanoma Agents Based on Melanogenesis
We have been developing anti-melanoma agents based on o-quinines produced in melanoma cells by virtue of their tyrosinase activity. Other groups are also pursuing the same goal (28) . Among those we have examined, 4-S-cysteaminylphenol (4-S-CAP) gave the most promising results (29). 4-S-CAP is a good substrate for tyrosinase and is oxidized to an o-quinone, dihydro-1,4-benzothiazine-6,7-dione (BQ) (30, 31) . BQ, the ultimate toxic metabolite, exerts cytotoxicity by binding to GSH and SH enzymes (Fig. 8) . 4-S-CAP is incorporated into melanoma cells and inhibits the growth of B16 melanoma. However, 4-S-CAP has a hypotensive effect, thus limiting the dosage.
In order to develop better anti-melanoma agents, we are now evaluating the efficacy of enantiomers of a-methyland a-ethyl homologues of 4-S-CAP. It is well known that enantiomers of a drug often have quite different biological properties. Our ongoing study shows that some of the enantiomers possess better anti-melanoma effects than does 4-S-CAP.
CONCLUSION
The significance of chemical approaches to understanding melanin and melanogenesis were reviewed.
In conclusion, (1) o-quinones are highly reactive chemical species. The addition of SH compounds to o-quinones proceeds very fast. (2) In the melanosome, the high reactivity of dopaquinone chemically controls the early process of melanogenesis. (3) The availability of cysteine determines the proportion of pheomelanin to eumelanin. (4) The cytotoxicity of o-quinones is correlated to their binding to proteins through the cysteine residues.
Finally, I wish to point out that it is still unsolved how the availability of cysteine is controlled in the melanosome. Cyclization rate constants for o-quinones (26) . Relative to that of dopamine. Value for dopa was not available in (26) , and it is thus estimated by comparing the rate constant reported for dopa in (9) with that for noradrenaline in (26) . c Binding of 100 lM o-quinones to 200 lM bovine serum albumin (25) . % Yield of cysteinyl-catechol derivatives after HCl hydrolysis. 
